Knowledge on the energy distribution during the reproductive cycle of the giant lion-paw scallop, Nodipecten subnodosus is limited, but necessary for aquaculture purposes. In a previous work, we found that natural food availability can sustain the full cost of gametogenesis in optimal environmental conditions. The present study analyses the lipid and sterol classes' composition of several tissues during gametogenesis. In female gonads, the quantity of triacylglycerol (TG) increased parallel to gametogenesis from December (spawned gonads, 0.7 mg g − 1 or 7% of total lipids) to June (ripe gonads, 52 mg g − 1 or 66% of total lipids). In male gonads sampled in June, the concentration of TG (0.7 mg g − 1 or 3.5% of total lipids) and esterified sterols was significantly lower than in female gonads. Total phospholipids (PL) increased two-fold in female gonads of scallops sampled in June compared to the other months, which could be a result of oocyte production and growth, but no differences were found in the concentration of PL or in free sterol composition between male and female gonads. TG concentration in the digestive gland was similar in December and February (37-38 mg g − 1 or 68% of total lipids), but increased eight-fold by April and remained high in June (252-277 mg g − 1 or 90% of total lipids). Together with the increase in esterified sterols, these data suggest an increase in food availability during these months. A lack of decrease of TG levels in digestive gland during gonad development is in accordance to sufficient food availability in this location to satisfy the energetic demands of gametogenesis. Cholesterol was the principal sterol found in all tissues; its concentration, as well as the concentration of several phytosterols, remained constant throughout the maturation process, except in digestive gland where they increased from December to June, further supporting an increased availability of food. However, the presence of several phytosterols in substantial concentrations, mainly brassicasterol and 24-methylenecholesterol in gonad and somatic tissues, further supports a specific physiological role of these sterols in pectinids.
Introduction
The giant lion-paw scallop (Nodipecten subnodosus) represents an important fishery resource along the Baja California Pacific Coast in Mexico, and several promising attempts have been made to implement its culture (Félix-Pico et al., 1999; Barrios-Ruiz et al., 2003; Racotta et al., 2003) . Recent works have analyzed the energy distribution during the reproductive cycle of the giant lion-paw scallop (Racotta et al., 2003; Arellano-Martínez et al., 2004) . It has been well documented that during gametogenesis of most pectinids, lipids are transferred to the gonads from other tissues for yolk synthesis (Barber and Blake, 1981; Martinez, 1991; Pazos et al., 1997; Lodeiros et al., 2001) . Transfer of lipids from digestive gland to gonads was observed in wild N. subnodosus collected from Guerrero Negro (BCS, Mexico), a medium productive site (Arellano- Martinez et al., 2004) . However, Racotta et al. (2003) found, in an 18-month study of N. subnodosus that there was no important pattern of energy mobilization from muscle and digestive gland to gonads during reproduction. This study concerned a population of lion-paw scallop introduced for aquaculture purposes to a rich productive southern site (Magdalena Bay, BCS, Mexico) within its geographical limits. They concluded that the natural food availability at this site could sustain both the full cost of gametogenesis and their somatic growth, similarly to results described for other pectinids (Pazos et al., 1997; Luna-González et al., 2000; Roman et al., 2001) . A study involving a more detailed lipid analysis of several types of tissues of the lion-paw scallops sampled over a six-month period including gametogenesis has been performed. The fatty acid composition data obtained from this study has been published (Palacios et al., 2005) , and revealed a minimal transfer of fatty acids from other tissues to gonads during gametogenesis. The present paper reports the changes of lipid class and sterol composition of this study.
Materials and Methods
Growth and sampling of scallops was done as described by Racotta et al. (2003) . Briefly, wild mature N. subnodosus scallops were collected from Guerrero Negro (BCS, Mexico) and induced to mass spawn by alternating cold and hot water shocks (October 1999). At spat stage, the scallops were transported to the growout area in Magdalena Bay (BCS, Mexico) and grown in Nestier trays at a density of 110 scallops per tray. For lipid analyses, five scallops were collected bimonthly from December 1999 until June 2000 and transferred to the laboratory at Centro de Investigaciones Biológicas del Noroeste (CIBNOR, La Paz, BCS, Mexico). Upon arrival, general morphometric traits and tissue weight were recorded, and samples of mantle, digestive gland, adductor muscle, and gonads were stored at -80 o C for individual lipid analyses. Only in June 2000, were sufficient male gonadal tissues obtained for lipid analysis.
Lipids were extracted with chloroform:methanol (2:1) according to Bligh and Dyer (1959) and the lipid extract was stored at -20°C in chloroform under a nitrogen atmosphere until further analysis. Total lipid samples were run on thin layer chromatography coupled to detection by flame ionization (Iatroscan TLC/FID MK-5 analyzer), using chromarods S-III, which were previously brought to a constant humidity in a hydration chamber (Ackman and Heras, 1997; Palacios et al., 2001) . Neutral lipid classes were developed for 35 min in a mobile phase of hexane: ethyl acetate: diethyl ether: formic acid (90:7:3:1). Rods were scanned at a hydrogen flow rate of 160 mL/min, airflow of 2000-mL/min, and a scanning speed of 30-mm/min. Lipid classes were identified by comparison of retention times against appropriate external standards (Sigma, St. Louis, USA), and concentration was calculated based on the peak areas of these external standards.
Lipid extracts were also transported to Université de Bretagne Occidentale (UBO, Brest, France) and neutral and polar lipid fractions were separated in a silica-gel microcolumn and collected in vials containing 0.01% butylated hydroxytoluene (BHT) as antioxidant (Marty et al., 1992) . Free and esterified sterols from the neutral lipid fraction were separated at Institut Français de Recherche pour L'exploitation de la Mer (IFREMER, Brest, France) by High Performance Liquid Chromatography (Merck-Hitachi L6200), equipped with an UV detector and a Gilson 203 fractions collector (Soudant et al., 1998) . A known quantity of cholestane was added to the free and esterified fractions of sterols as an internal standard (2.3 mg/ml). The esterified sterols were transesterified with sodium methoxide for 90 min at ambient temperature, and the released sterols were extracted in hexane. The free sterols were evaporated to dryness and dissolved in hexane. The sterols were analyzed in a Chrompak 9001 gas chromatograph equipped with a CP8 capillary column (50 m x 0.32 mm, 0.2 μm film thickness) using an on-column injection system and hydrogen as a carrier gas, with a thermal gradient from 200 to 290˚C at 5˚C/min, and a FID detector at 300˚C. The sterols were identified by comparison of their retention time with standards (SUPELCO, Lyon, France).
One-way analyses of variance followed by Tukey test for unequal N post-hoc mean comparisons (Statistica Version 5.0) were used to assess significant differences between months of sampling. The level of significance was set at P < 0.05. The comparison between the male gonad and the female gonad sampled in June was done with a 't' test (P < 0.05).
Results
In gonads, the concentration of triacylglycerol (TG) increased steeply from very low levels in December to maximum values in June (Table 1) . Free fatty acid (FFA) concentration had an irregular trend, with higher values in February and June. The concentration of free sterols (FS) and esterified sterols (ES) remained constant throughout the maturation process. The concentration of total phospholipids (PL) increased two-fold by June compared to previous months. The male gonad tissue, which was sampled only in June, had significantly lower concentrations of TG and ES compared to the female gonad sampled in June, although the concentration of TG was the same as the concentration in immature female gonads sampled in December.
The TG concentration in the digestive gland was similar in December and February, but increased seven-fold by April and remained high in June. There was no significant difference in concentration in other lipid classes among sampling months. Contrary to the above tissues, the concentration of TG in muscle was very low and decreased further with advancing maturation, whereas the concentrations of other lipid classes were constant through the sampling period. In mantle, only PL concentrations showed significant differences, increasing throughout the maturation period. Figure 1 shows the concentration of free and esterified sterols in the four tissues during the period analyzed. In all tissues cholesterol was the major sterol, ranging from 35 to 47% of total sterols. Others two major sterols were brassicasterol, with levels relatively constant over time regardless of tissue types (15 to 18 % of total sterols), and 24-methylencholesterol which was highly variable from 9% (digestive gland in December) to 28% (male gonad in June). Sterols that amounted from 1 to 10% of total sterols were T-dehydrocholesterol (7 to 10%), β-sitosterol (6 to 7%), campesterol (4 to 9%, although no campesterol was detected in male gonad and an extreme value of 12% was present in muscle in February), stigmasterol (1 to 7%, although no stigmasterol was detected in male gonad and in the most mantle samples) and norcholesterol (1 to 4%). Finally desmosterol was highly variable and ranged from nondetectable to 6%. The same distribution patterns between free and esterified fractions were observed for all the sterols. Sterols were mostly found in the free form, except in digestive gland. In the digestive gland, the esterified form of cholesterol increased from 33% in December to 75% of total cholesterol in June. Similarly, concentrations of esterified brassicasterol, 24-methylencholesterol and norcholesterol in the digestive gland significantly increased during the sampling period with the highest values in April and June. The exception was stigmasterol, which was found only as a free form, even in the digestive gland. In other organs, including muscle, mantle, and female (and male) gonad, the esterified form represented 0 to a maximum of 15% of total cholesterol with the highest values in female gonad and, to a lower extent, in muscle. However the concentration of free sterols fraction remained constant in the digestive gland and in other tissues during all the sampling period, except for cholesterol which showed a non-significant decrease of free cholesterol concentration accompanying the increase of esterified cholesterol in the digestive gland. The male gonad had higher concentrations of free brassicasterol, 24-methylencholesterol, norcholesterol, β-sitosterol and desmosterol than female gonad in June.
Discussion
In the giant lion-paw scallop, lipid accumulation in gonads has been described in terms of total lipids, total acylglycerides, and fatty acids during gametogenesis (Racotta et al., 2003; Arellano-Martinez et al., 2004; Palacios et al., 2005) . The scallops used in the present study were the same as those in previous studies (Racotta et al., 2003; Palacios et al., 2005) , where the date and state of gonad development was reported. Briefly, scallops sampled in December of 1999 were one year old and at the end of their first maturation. After reproductive quiescence in January 2000, an increase in gametogenesis activity was observed in February (second sampling) and then a peak in sexual maturity was observed in April (third sampling), when histological analyses showed that some scallops had already spawned. When the last samples were taken for lipid analyses in June, scallops were mature again. In the present study, TG measured by TLC-FID, showed a similar pattern to acylglycerides measured by microenzymatic test (Racotta et al., 2003) and the fatty acids in neutral lipids (Palacios et al., 2005) , increasing in female gonads from December to June. The first increase in TG concentration from February to April, and a further increase from April to June, is in accordance with an initial maturation and facultative spawning in April, while the main reproductive peak started in June, as previously discussed by Palacios et al. (2005) .
We did not find decreasing levels of TG in the digestive gland concomitant with gonad development, as would be expected if TG is transferred from this tissue to gonad (Villalaz, 1994) . Moreover, TG was the predominant lipid class in the digestive gland and its highest levels were observed in April and June, concomitantly with gonad development. In contrast, Arellano- Martinez et al. (2004) found a transference of acylglycerides from digestive gland to gonad in wild lion-paw scallops sampled at a medium productive site in the north, Ojo de Liebre Lake, Guerrero Negro (BCS, Mexico). This could be explained by differences in food availability in the two localities: in Magdalena Bay (present study), Chlorophyll-a concentrations can vary from 0.4 to 4.5 mg/m 3 (Martínez-López and Verdugo-Díaz, 2000), while in Ojo de Liebre Lake these are between 0.1 to 1.5 mg/m 3 (Hernández-Rivas et al., 2000; Arellano- Martinez et al., 2004) . The differences in TG storage in scallops can be attributed to the difference in food availability of the two sites, because scallops grown in Magdalena Bay were the offspring of scallops previously sampled at Guerrero Negro, so both populations were similar genetically. These results confirms that natural food availability could sustain the full cost of gametogenesis in this species in optimal environmental conditions as previously suggested for this species (Racotta et al., 2003; Palacios et al., 2005) and other pectinids (Pazos et al., 1997; Luna-González et al., 2000; Roman et al., 2001 ). The concentration of TG in digestive gland was always higher in comparison to TG concentration in gonads, even during full maturity in June, which supports the role of the digestive gland as lipid or TG reservoir Saout et al., 1999; Caers et al., 2003) . Lipids in the digestive gland increase during phytoplankton blooms (Starr et al., 1990; Paulet et al., 1997; Duinker et al., 2004) or when algae are particularly rich in lipids (Navarro et al., 2000) . In the present study, in addition to the pronounced increase in TG, several esterified sterols (see below) and fatty acids in the neutral fraction (Palacios et al., 2005 ) also increased in April and June in digestive gland. This further suggests that there was sufficient food to support the full cost of gametogenesis at that time period. Although chlorophyll-a levels were not measured in this study, maximum concentrations are reported for May for the same location (Rosales-Villa, 2004) .
In relation to other tissues that store reserves to be further used for gonad development, we found that carbohydrates and proteins from adductor muscle were not mobilized for gametogenesis in giant lion-paw scallops grown in the same location (Racotta et al., 2003) . However, there was a decrease in TG concentration in muscle starting in February, which could indicate its transfer to gonad. However, given the high TG levels in digestive gland in comparison to muscle, TG transfer from the later to gonad is small. A lack of mobilization of reserves from muscle could be the reason giant lion-paw scallop triploids grown at Magdalena Bay do not have a bigger adductor muscle or higher total tissue weight compared to diploids (Maldonado-Amparo et al., 2004) . Mantle, similarly to muscle, seems to mobilize minimal reserves during maturation, in agreement with Martinez (1991) who suggested that the mantle of Argopecten purpuratus is a site of storage of metabolic substrate to be utilized for growth rather than gametogenesis. PL in mantle increased by April and June, which could be a result of growth in this somatic tissue, occurring concomitantly to reproduction.
The comparison of the male and female gonad tissues is interesting, because lipids in the male gonad are used principally as components of cellular membranes of sperm, which composes the major part of the male gonad, and might have a particular lipid composition due to its function and high motility. On the other hand, lipids in the female gonad are used both as components of cellular membranes, and as energy reserves accumulated in oocytes (Soudant et al., 1997; Pernet et al., 2003) . In the female gonad, the TG was the predominant lipid in mature scallops, compared to immature scallops and to mature male gonads. Also the PL concentration increased in female gonads in June and finally had a slightly higher concentration of PL than males, which is in accordance to a role of some PL classes, such as phosphatidylcholine, as energy reserves (Soudant et al., 1996b) . Gabbot (1975) also concluded that high PL content of the eggs contributed to the energy metabolism of the early larvae.
A similar and constant levels of free sterols found in the different tissues were in accordance to their role in cellular membranes. Cholesterol was the major sterol, in free and esterified form, underlying the specific importance of that sterol in cell metabolism. Nevertheless, the presence of phytosterols in all tissues implies that these sterols could substitute for cholesterol in the cellular membrane. The distribution of major sterols among the four tissues was similar to the results reported in Placopecten by Napolitano et al. (1993) , who proposed that sterols are incorporated in a non-specific form into tissues. However, this incorporation varies with the time of the year (present study) or changes in food supply and during somatic growth (Napolitano et al., 1993 , Soudant et al., 1996a . In addition, sterol composition changes in muscle and mantle during somatic growth , because sterols are important membrane components. However we did not observe significant changes in sterol composition during our sampling periods.
Bivalve mollusks have a limited capacity for cholesterol synthesis or bioconversion of phytosterols into cholesterol (Teshima, 1982; Napolitano et al., 1993; Kanazawa, 2001) . As a consequence, the phytosterols present in pectinids reflect the ingested microalgae (Idler and Wiseman, 1972) . Different algae classes synthesize specific phytosterols (Marlowe et al., 1984) . Although we did not analyze the phytoplankton composition where the giant lion-paw scallops were grown, the sterol composition in several tissues, particularly in the digestive gland, can be used as biomarkers of ingested microalgae (Napolitano et al., 1993; Soudant et al., 1996a; 1998) . For example, brassicasterol, has been reported in high concentrations (90%) in Isochrysis sp. (Berenberg and Patterson, 1981; Volkman et al., 1981; Marlowe et al., 1984; Napolitano et al., 1993; Soudant et al., 1998 , Muller-Feuga et al., 2003 , and 24-methylenecholesterol, and also cholesterol could come from diatomophyceae such as Chaetoceros or Skeletonema Tsitsa-Tzardis et al., 1993; Soudant et al., 1998) . The increase in esterified sterols in the digestive gland in April and June could therefore indicate increased availability of these microalgae in Magdalena Bay during these months. Such accumulation of sterols in the digestive gland as reserves is consistent with the accumulation of TG, in this organ, at the same time. The accumulated TG and sterols could be energy reserves and fatty acids reservoir. Cholesterol was the major sterol found in the digestive gland, indicating that this sterol was preferentially incorporated as previously pointed out (Berenberg and Paterson, 1981; Soudant et al., 1996a) , due to the essentiality of this sterol. A non-negligible part of steryl esters were also found in the female gonad. This confirms that they were stored in oocytes as reserves (Soudant et al., 1996a) . However, while the female gonads had some esterified phytosterols, the male gonad had only esterified cholesterol. Moreover, in muscle only cholesterol was found as an esterified form in several samplings, indicating the importance of this form as a cholesterol reservoir.
Conclusions
Little or no transfer of lipid classes from other tissues to gonads occurs during gametogenesis of N. subnodosus at the culture site at Magdalena Bay. Increased levels of TG and esterified sterols in the digestive gland concomitant to gonad development indicate sufficient food supply to sustain the lipids needs for gametogenesis at this site. Differences in lipid composition between male and female portions of gonad are related to specific role of different lipids for oocyte and sperm development. analyzed by CG-FID in the free (dark bars) and esterified (light bars) fraction separated by HPLC in tissues of giant lion-paw scallops (Nodipecten subnodosus) sampled from December to June (n=5, for each sampling). Unifactorial ANOVA followed by Tukey post-hoc analyses were applied to assert the differences between means; means sharing the same superscript are not significantly different (P<0.05). The male gonad was only analyzed in June, and was compared to the female gonad sampled in June by a t-test, and significant differences are shown with an asterisk. Table 1 . Lipid concentration (mg/g wet tissue ± standard error) analyzed by TLC-FID in four tissues of giant lion-paw scallops (Nodipecten subnodosus) sampled from December to June. Unifactorial ANOVA followed by Tukey post-hoc analyses were applied to assert the differences between means; means not sharing the same superscript within the same row are significantly different (P<0.05). The gonad in June was separated into female and male, and was compared by a t-test, and significant differences are shown with an asterisk. 
